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Abstract 

I show that de Sitter space disintegrates into an infinite number 
of copies of itself. This occurs iteratively through a quantum pro- 
cess involving two types of topology change. First a handle is created 
semiclassically, on which multiple black hole horizons form. Then the 
black holes evaporate and disappear, splitting the spatial hypersur- 
faces into large parts. Applied to cosmology, this process leads to the 
production of a large or infinite number of universes in most models 
of inflation and yields a new picture of global structure. 
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1 Introduction 



1.1 Semi-classical Perdurance of de Sitter Space 

de Sitter space is the maximally symmetric solution of the vacuum Einstein 
equations with a cosmological constant A. It may be visualized as a (3,1)- 
hyperboloid embedded in (4,1) Minkowski space. In this spacetime, geodesic 
observers find themselves immersed in a bath of thermal radiation |l| of 
temperature T = (27r). This raises the question of stability, which was 

investigated in 1983 by Ginsparg and Perry 0. They showed that de Sitter 
space does not possess the classical Jeans instability found in hot fiat space. 
It does, however, possess a semiclassical instability to a spontaneous topology 
change corresponding to the nucleation of a black hole.Q Geometrically this 
process corresponds to the creation of a handle; it occurs at a rate of e~^/^ 
per horizon four- volume of size 9/A^. 

When the black hole appears, it will typically be degenerate; that is, it 
will have the same size as the cosmological horizon, and will be in thermal 
equilibrium with it. Ginsparg and Perry argued on an intuitive basis that 
this equilibrium would be unstable, with quantum fiuctuations causing the 
black hole to be slightly smaller, and hotter, than the cosmological horizon. 
Then, presumably, the black hole would start to evaporate and eventually 
disappear. They showed that the time scale between black hole nucleations 
is vastly larger than the time needed for evaporation (see also Ref. P]). In 
this sense, de Sitter space would "perdure". 

In a collaboration with S. Hawking, this argument was recently con- 
firmed 0. We used a model that includes the quantum radiation in the 
s-wave and large N limit, at one loop. We found, to our surprise, that nearly 
degenerate Schwarzschild-de Sitter black holes anti-evaporate. But there is a 
different way of perturbing the degenerate solution which leads to evapora- 
tion, and we found that this mode would always be excited when black holes 
nucleate spontaneously. 

The process of black hole creation and subsequent evaporation is shown 
in Fig. |I| (evolution of the spacelike sections) and Fig. ^ (causal structure). 

"'^The process really describes a pair of black holes, in the sense that there will be two 
separate horizons. There will, however, be only one black hole interior. Later in this 
paper, situations with multiple black hole interiors will arise. Therefore any individual 
black hole interior, bounded by a pair of horizons, will be referred to here as a single black 
hole. 
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Figure 1: Evolution of spacelike hypersurfaces of de Sitter space during the cre- 
ation and subsequent evaporation of a single black hole. The spontaneous creation 
of a handle changes the spatial topology from spherical (S^) to toroidal (S^ x S^) 
with constant two-sphere radius. (The double-headed arrow indicates that op- 
posite ends of the middle picture should be identified, closing the S^.) If the 
quantum fluctuations are dominated by the lowest Fourier mode on the , there 
will be one minimum and one majdmum two-sphere radius, corresponding to a 
black hole (b) and a cosmological horizon (c). This resembles a 'wobbly doughnut' 
with cross-sections of varying thickness. As the black hole evaporates, the thinnest 
cross-section decreases in size. Finally the black hole disappears, i.e. the doughnut 
is pinched at its thinnest place and reverts to the original spherical topology. 

Crucially, for the case of a single black hole, the topology reverts to the 
original de Sitter space after the process is completed. 

1.2 Proliferation 

In this paper, I consider different perturbations of the degenerate black hole 
solution, which correspond to higher quantum fluctuation modes. Occasion- 
ally, one such mode will dominate over lower modes, leading to the presence 
of multiple pairs of apparent black hole horizons in a single nucleation event, 
and eventually to the formation of several black hole interiors. I will show 
that they evaporate, and that space will disconnect at the event when a black 
hole finally disappears. If more than one black hole is present, this leads to 
the disintegration of the universe. 
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Figure 2: Penrose diagram for the process depicted in Fig. ||. The shaded region 
is the black hole interior. In the region marked by the square brackets the spatial 
topology is X 5^, and opposite ends should be identified. The middle picture 
in Fig. U corresponds to the handle nucleation surface shown here. After the black 
hole evaporates, a single de Sitter universe remains. 



This process is depicted in Fig. ^ where the evolution of the space-like 
sections in a process of multiple black hole creation and subsequent evapo- 
ration is shown. The corresponding causal diagram is given in Fig. ^. These 
pictures should be compared to the similar, yet much less dramatic evolution 
in the case where only one black hole is created, Figs. |l| and ^ 

The decay described here can be viewed as a sequence of topology changes. 
The first topology change is the semiclassical creation of a handle with multi- 
ple black hole horizons. It corresponds to a local non-perturbative quantum 
fluctuation of the metric on the scale of a single horizon volume. It will there- 
fore happen independently in widely separated horizon volumes of de Sitter 
space. While the black holes evaporate, the asymptotically de Sitter re- 
gions between the black holes grow exponentially. Thus, the second topology 
change, corresponding to the final disappearance of the black holes, yields 
a number of separate de Sitter spaces which already contain exponentially 
large spacelike sections. Because it occurs at such large scales, the effect 
differs from many other considerations of baby universes (see, e.g., Ref. [^]). 
Inside the daughter universes, the handle-creation process will again occur lo- 
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Figure 3: Evolution of spacelike hypersurfaces of de Sitter space during the cre- 
ation of a handle yielding multiple black holes (n = 2) and their subsequent evap- 
oration. This should be compared to Fig. ||. If the quantum fluctuations on the 
X S"^ handle are dominated by the second Fourier mode on the S^, there will 
be two minima and two maxima of the two-sphere radius, seeding to two black 
hole interiors (b) and two asymptotically de Sitter regions (c). This resembles a 
'wobbly doughnut' on which the thickness of the cross-sections oscillates twice. As 
the black holes evaporate, the minimal cross-sections decrease. When the black 
holes disappear, the doughnut is pinched at two places, yielding two disjoint spaces 
of spherical topology, the daughter universes. 

cally. Thus a single de Sitter universe decomposes iteratively into an infinite 
number of disjoint copies of itself, proliferating, as it were, by budding.^ 



^If one starts with a single de Sitter universe, the geometry resulting from the iterative 
disconnections will of course be connected if viewed as a four-dimensional manifold: at 
sufficiently early times, any two observers would have been in the same universe. Only 
after the handles are nucleated, and the black holes evaporate, do the spatial sections fall 
apart. Spacetime decomposition can be defined in the following coordinate-independent 
way: For a geodesically complete Lorentzian four-manifold A4, consider the set S of all 
spacelike sections 5" which have no boundaries (other than spatial infinity in the case of 
non-compact spaces). If there exists a pair Si, S2 E S such that J+(S'i) D J~^{S2) = 0, 
the spacetime decomposes, and and 5*2 are sections of different universes. Here J^{U) 
denotes the causal future of a set U. 
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Figure 4: Penrose diagram for the process depicted in Fig. The shaded regions 
are the two black hole interiors. In the region marked by the square brackets the 
spatial topology is x 5^, and opposite ends should be identified. The middle 
picture in Fig. ^ corresponds to the horizon freezing surface shown here. After the 
black holes evaporate, two separate de Sitter universes remain. 

1.3 Outline 

The geometry of black holes in de Sitter space, and their spontaneous nu- 
cleation, will be reviewed in Sec. this requires a brief derivation of the 
Nariai solution, which corresponds to a degenerate unstable handle attached 
to de Sitter space. 

In Sec. H, a model will be introduced that includes quantum radiation at 
one loop. It was used to investigate the behavior of different perturbations 
of the Nariai solution, in Ref. 0]. There we considered only perturbations 
of the two-sphere radius that corresponded to the lowest Fourier mode. But 
the quantum model is general enough to deal also with higher mode pertur- 
bations, for which the two-sphere size has n maxima and n minima around 
the S^, with n > 1. 

In Sec. |, I will present solutions for the amplitude of such perturbations 
which are regular on the Euclidean sector of the nucleation geometry. I 
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will show that the condition of regularity leads to the following Lorentzian 
evolution: The perturbation oscillates while its wavelength is within a horizon 
volume. When it leaves the horizon, it freezes, leading to the formation of 
n black holes, which are shown to evaporate. When a black hole finally 
disappears, the spacelike section disconnects at the evaporation point. The 
5*^ X S"^ topology thus dissociates into n disjoint three- spheres. 

Finally, in Sec. ^, I discuss the cosmological implications of this instability. 
During the inflationary era, it causes the production of large new universes. 
In models of eternal inflation, there will be an infinite number of separate 
universes. 



2 Schwarzschild-de Sitter Black Holes 

The neutral, static, spherically symmetric solutions of the vacuum Einstein 
equations with a cosmological constant A are given by the Schwarzschild- 
de Sitter metric 

ds'^ = -V{r)dt^ + V{r)-^dr'^ + r'^d^^, (2.1) 

where 

V{r) = 1 - ^ - (2.2) 
r 6 

dVt^ is the metric on a unit two-sphere and is a mass parameter. For 
< /i < |A~^/^, V has two positive roots Vc and rb, corresponding to the 
cosmological and the black hole horizons, respectively. For /i = there will 
be no black hole horizon and one obtains the de Sitter solution. 

In the limit fi -^A^^/^ the size of the black hole horizon approaches the 
size of the cosmological horizon, and the above coordinates become inade- 
quate, since V{r) between the horizons. One may define the parameter 
e by 

9/i^A = 1 - 3e^ < e < 1. (2.3) 

Then the degenerate case corresponds to e — * 0. New time and radial coor- 
dinates, ip and X, will be given by 



r = — -j=ip 



eVA V A 



1 2' 

1 - ecosx - -e 

D 



(2.4) 
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The black hole horizon lies at x = and the cosmological horizon at x = ^• 
The new metric obtained from the transformations is, to first order in e, 



1/2 \ 1/2 \ 

ds^ = -- f 1 + -ecosxj sin\ rfV^^ + - M - -ecosxj c?X^ (2.5) 

+ ^(l-2ecosx)rf^^2- 

It describes Schwarzschild-de Sitter solutions of nearly maximal black hole 
size. 

In these coordinates the topology of the spacelike sections of Schwarzschild- 
de Sitter becomes manifest: x 5*^. (This is why one can speak of handle- 
creation.) In these solutions, the radius of the two-spheres, r, varies along 
the coordinate, with the minimal (maximal) two-sphere corresponding 
to the black hole (cosmological) horizon. In the degenerate case, for e = 0, 
the two-spheres all have the same radius. The degenerate metric is is called 
the "Nariai" solution; it is simply the direct product of (l + l)-dimensional 
de Sitter space and a two-sphere of constant radius. 

The Euclidean de Sitter solution can be obtained from the Lorentzian 
metric, Eq. (|2.1|) , with /i = 0, by Wick-rotating the time variable: r = it. 
This yields a Euclidean four-sphere of radius (A/3)~^/^. Its action is — Svr/A. 
A regular Euclidean sector also exists for the Nariai solution: With e = 



and ^ = iip, Eq. ( p.6| ) describes the Euclidean metric corresponding to the 
direct product of two round two-spheres of radius A~^/^. This solution has a 
Euclidean action of —2n/A. 

To obtain the creation rate of the degenerate Schwarzschild-de Sitter so- 
lution on a de Sitter background, one has to subtract the background action 
and exponentiate minus the difference 0,^,0. This yields the rate e~'"l^. 
Clearly, the topological transition is strongly suppressed unless the cosmo- 
logical constant is of order the Planck value. But this does not mean the 
process can be neglected; after all, de Sitter space, and many inflationary 
scenarios, contain an exponentially large or infinite number of Hubble vol- 
umes. 
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3 One-loop Model 



The four-dimensional Lorentzian Einstein-Hilbert action with a cosmological 
constant is given by: 



S 



1 



167r 



IVn1/2 



^ i=l 



(3.1) 



where R^^ and g^"^ are the four- dimensional Ricci scalar and metric determi- 
nant. The scalar fields /, are included to carry the quantum radiation. 

I shall consider only spherically symmetric fields and quantum fluctua- 
tions. Thus the metric may be written as 



(3.2) 



where x is the coordinate on the S^, with period 27i. The angular coordinates 
can be integrated out, which reduces the action to 



S= — [ d\{-gY'^e-^'t' 
1671 J ^ ^' 



N 



R + 2(V(/))' + 2e^^ - 2A - ^(V/^; 

1=1 



(3.3) 



In order to take the one-loop quantum effects into account, one should find 
the classical solutions to the action S + W*, where W* is the scale-dependent 
part of the one-loop effective action for dilaton coupled scalars [HHTI 



1 



487r 



d\{-gf" 



-R-R - Q(V(j)?-R + 6(f)R 



(3.4) 



As in Ref. [^], the (V0)^ term may be neglected. 

This action can be made local by introducing an independent scalar field 
Z which mimics the trace anomaly. With the classical solution fi = the / 
fields can be integrated out. This leads to the action 



IGtt 



a/2 



-2<^ + ^(Z-60))i? 



- — {VZf + 2 + 2e~2<^ (V0)^ - 2e"2'^A 
6 



(3.5) 



In the large A^ limit, the contribution from the quantum fluctuations of the 
scalars dominates over that from the metric fluctuations. In order for quan- 
tum corrections to be small, one should take A^A <C 1. 
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Differentiation with respect to t (x) will be denoted by an overdot (a 
prime). For any functions / and g, define: 

dfdg^-fg + fg', d'g^-g + g", (3.6) 

SfSg^fg + fg', 6'g^g + g". (3.7) 
Variation with respect to p, and Z yields the following equations of motion: 

- (l + iVe2<^) d^(f) + 2{d(j))^ + je^'^d^Z + e^P+^^ {Ke~^^ - l) = 0; (3.8) 
(l + Ne^^) d^p - d'^cj) + {d(l)f + Ae^" = 0; (3.9) 



d^Z - = 0. 
There are two equations of constraint: 



(3.10) 



(l + A^e^"^) - 26(f) 6p) - (50)^ 



(l + Ne^^) (0' - p0' - p'0 



N 
— ( 
12 



,20 



N 



,20 



{6Zy + 26'^Z - A5Z5p 

( 

ZZ' + 2Z' -2 (pZ' + p'Z 



(3.11) 



(3.12) 

From Eq. ( ^.1U| ), it follows that Z = 2p + rj, where r] satisfies d'^r) = 0. It was 
shown in Ref. [^] that the remaining freedom in rj can be used to satisfy the 
constraint equations for any choice of p, p, and on an initial spacelike 
section. 



4 Multi-Black Hole Solutions 

4.1 Perturbation Ansatz 

In Sec. it was described how one can describe the process of handle- 
formation in de Sitter space using instantons. It was found that typically 
one obtains a degenerate Nariai solution as a result of this topology change. 
In the coordinates of Eq. (|3.2|), it is given by 



^"' = ^^,^ e'' = A2, (4.1) 
Ai cos^t 
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Because of the presence of the quantum radiation, one no longer has exactly 
Ai = A2 = A, but, to first order in A^A, 

i-4(l + 7VA). A. = a(i-^) (4.2) 

(see Ref. Q for more details). 

Quantum fluctuations will perturb this solution, so that the two-sphere 
radius, e"''^, will vary slightly along the one-sphere coordinate, x. Decompo- 
sition into Fourier modes on the 5*^ yields the perturbation ansatz 



1 + 2e^ {<Jn(t) cosnx + anif) sinnx) 



(4.3) 



where e is taken to be small. 

One does not lose much generality by assuming that the amplitude of one 
mode dominates over all others.^ This will most likely be the first Fourier 
mode (n = 1), in which case one obtains the usual single black hole investi- 
gated in Ref. 0] , and no spatial decomposition takes place when it evaporates. 
But occasionally, a higher mode will have a dominating amplitude. It is rea- 

2 

sonable to estimate the likelihood of such an event to be of order e~" . For 
example, the second mode will dominate in a few percent of handle-nucleation 
events. In any case, the suppression of this condition is negligible compared 
to the rarity of nucleating a handle in the first place. With this assumption, 
and a trivial shift in the coordinate x, the perturbation ansatz simplifies 
to 

e^*^ = A2 [1 + 2eor„ {t) cos nx] , (4.4) 

Following Ref. [^], (T„ will be called the metric perturbation. A similar 
perturbation could be introduced for e^'', but it does not enter the equation of 
motion for cr„ at first order in e. This equation is obtained from the equations 
of motion for 0, p, and Z, yielding 

f!!. = £(£±I) _ (4.5) 

an cosH 

where c = 1 + 2NA/9 to first order in A^A. 

•^This just means that the horizons will be evenly, rather than irregularly, spaced on 
the 5^. The constant mode {n — 0) will be ignored here, since it does not lead to the 
formation of any black hole horizons, but to a topologically non-trivial, locally de Sitter 
spacetime. 
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4.2 Horizon Tracing 



In order to describe the evolution of the black hole, one must know where 
the horizon is located. The condition for a horizon is (V0)^ = 0. Eq. (4.4) 
yields 

(4.6) 



e cr„ cosnx, 



-e (j„ n sm nx. 



dt -"'t — ■ — 5 

Therefore, there will be 2n black hole horizons, and 2n cosmological horizons, 
located at 



X 





= — (2TTk + arctan - 


n \ 1 




= — ( —2TTk + arctan 


n \ 


x'-^\t) 





(4.7) 

(4.8) 
(4.9) 



where = . . . n — 1 and Z = . . . 2n — 1 . 

To first order in e, the size of the black hole horizons, rb, is given by 



rb(t)-2 = e2<^[*'-b'Wl = A2 [1 + 2e5{t)] 



where the horizon perturbation is defined to be 



(T„ cos nx 



(0 



1 + 



-1/2 



n^al 



(4.10) 



(4.11) 



To obtain explicitly the evolution of the black hole horizon radius, rb(t), 
one must solve Eq. ( [4.5|) for cT„(t), and use the result in Eq. (|4.11| ) to evaluate 
Eq. ( [4.10[ ). If the horizon perturbation grows, the black hole is shrinking: 
this corresponds to evaporation. It will be shown below that evaporation 
is indeed realized for perturbation solutions ct„ satisfying the condition of 
regularity on the Euclidean instanton (the "no-boundary condition"). 



4.3 Regular Solutions 

The metric of the Euclidean Nariai solution can be obtained from Eq. ( [4.1[ ) 
by taking r = it. After rescaling Euclidean time as sinw =1/ coshr, it takes 
the form 




(4.12) 
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This S"^ X S"^ instanton describes the spontaneous nucleation of a degenerate 
handle in de Sitter space. The nucleation path runs from the South pole of 
the first two-sphere, at u = 0, to m = 7r/2, and then parallel to the imaginary 
time axis [u = it /2 + iv) from w = to f = cxd. This can be visualized 
geometrically by cutting the first two sphere in half, and joining to it a 
Lorentzian 1 + 1-dimensional de Sitter hyperboloid. 

In order to see the effect of quantum fluctuations, one must find solu- 
tions to the equation of motion for the perturbation amplitude, Eq. ( |4.5|) . 
The solutions have to be regular everywhere on the nucleation geometry. In 
particular, they must vanish on the south pole. This condition selects a one- 
dimensional subspace of the two-dimensional solution space of the second- 
order equation. For any n > 1, the family of solutions, parametrized by a 
real pref actor A, is given by 

an{u) = Ae^("-")"/2 l^tan + cos cm) . (4.13) 

The phase is chosen such that cr„ will be real at late Lorentzian times, 
when measurements can be made. The solution is exact for c = 1 (which 
corresponds to no quantum matter) and is an excellent approximation for 
iVA < 1, n > 2. 

The Lorentzian behavior of this solution can be obtained by substituting 
u = 7r/2+if . While the term dominates on the right hand side of Eq. ( |4.5|) , 
one would expect the perturbation to oscillate. Indeed, it is easy to show 
that the above solution oscillates until v ~ arcsinhn, during which time it 
undergoes approximately (narctan?7,)/27r — 1/8 cycles. 

The Lorentzian evolution of the background metric is characterized by 
the exponential growth of the radius, while both the 5*^ size and the hori- 
zon radius are practically constant. Perturbations with n >2 initially have a 
wavelength smaller than the horizon and therefore represent not black holes, 
but mere ripples in the metric. This explains the initial oscillatory behav- 
ior. But the wavelength grows with the radius until the perturbations 
leave the horizon. Then they freeze, seeding the gravitational collapse of 
the two-spheres in the n regions between the 2n black hole horizons, and 
the exponential growth of the two-spheres in the n regions between the 2n 
cosmological horizons. 

Due to the exchange of quantum radiation between the horizons, the black 
holes evaporate and shrink, while the cosmological horizons become larger. 
This follows from the behavior of 6{v) at late Lorentzian times, when cr„(f ) = 
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Asinhcv. Indeed, from Eq. ( 4.11 ) one finds that the horizon perturbation 
grows: 

S{v) = — exp ( — j . (4.14) 

The behavior of the multiple black holes is thus similar to that of the single 
black hole investigated in Ref. This result was confirmed for conformal 
scalars in Ref. [Q. Recently it was claimed that for different types of quan- 
tum matter, some of the spontaneously created handles may be stable at 
least initially fl^. For the arguments given here, however, it is sufficient 
that a fraction of handles develop multiple evaporating black holes. 

The perturbative description breaks down when the black holes become 
much smaller than the cosmological horizons. But then the cosmological 
horizon will have a negligible infiuence on the black hole it surrounds, which 
will behave like a neutral black hole immersed in asymptotically fiat space, 
evaporating at an ever-increasing rate. While standard physics breaks down 
at the endpoint of the evaporation of an uncharged black hole, it seems 
reasonable to assume that it will disappear altogether in a final Planckian 
fiash of radiation. 

Each black hole on the is surrounded by two cosmological horizons, 
beyond which lie intermediate regions bounded by cosmological horizons sur- 
rounding the two neighboring black holes (see Fig. ^). As the regions between 
the black hole horizons undergo gravitational collapse, these regions between 
pairs of cosmological horizons undergo a similar run-away, corresponding to 
the exponential expansion into asymptotically de Sitter universes. While 
the black holes evaporate, they grow extremely large. When a black hole 
finally disappears, the two asymptotic de Sitter regions on either side of it 
will disconnect. If there is only one black hole on the entire S^, these "two" 
asymptotic de Sitter regions are merely opposite ends of the same region. 
Then the universe does not actually decompose into two parts, but merely 
reverts to its original, trivial topology. If, however, there are n > 2 black 
holes on the S^, there will be n distinct asymptotic de Sitter regions. As 
all the black holes evaporate, these large regions will pinch off, and become 
n separate de Sitter universes. Each of the daughter universes will them- 
selves harbor handle-creation events, so the disintegration process continues 
ad infinitum. 

In this sense, de Sitter space prohferates. 
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5 Cosmological Implications 



In most models of inflation, the universe undergoes a period of exponential 
expansion, driven by the vacuum energy V{(j)) of a scalar field. While the 
evolution is vacuum dominated, the universe behaves like de Sitter space 
with an effective cosmological constant proportional to V. Typically, the 
field (f) rolls down slowly, corresponding to a slow decrease of the effective 
cosmological constant, until it reaches the minimum of its potential. There 
V = 0, and inflation ends. Because of the slowness of this change, the 
universe looks locally de Sitter during inflation. 

The handle-creation effect is a local event taking place on the scale of a 
horizon volume; on this scale, the change in is usually negligible. This is 



true for open [ITH] as well as closed models. Therefore handle creation takes 
place during inflation and can be described by the same methods that were 
used above for the case of a fixed cosmological constant P, ^ . Then multiple 
black holes can form and the universe will disintegrate when they evaporate. 

It is easy to check that for most models of chaotic inflation, with power- 
law inflaton potentials, the total number of handle-creation events during in- 
flation will be exponentially large. A non-negligible fraction of these handles 
will evolve into multiple black holes and eventually induce the disintegration 
of the inflating universe. Thus the inflationary era starts in a single universe 
but ends in an exponentially large number of disconnected universes, each of 
which enters into a radiation dominated phase. 

According to most inflationary models, the universe is vastly larger than 
the present horizon. The proliferation effect I have discussed renders our 
position even more humble: Not only do we live in an exponentially small 
part of the universe, compared to its global size; but our universe is only one 
of exponentially many disconnected universes, all originating from the same 
small region in which inflation started. 

So far it has been assumed that the inflaton field rolls down slowly accord- 
ing to its classical equations of motion. Linde [pO|,pT| has shown, however, 
that for sufficiently large values of the inflaton field, its random quantum 
fluctuations will dominate over the classical decrease. Every Hubble time, 
~ 20 new horizon volumes are produced. If the quantum jumps of dom- 
inate, the effective cosmological constant will increase in about 10 of these 
new volumes, and decrease in the other 10. Thus inflation continues forever 
in some regions, and ends only where the inflaton field happens to jump down 
into the regime in which it must decrease classically. 
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This idea, called "eternal inflation", has profound consequences for the 
global structure of the universe. It implies that inflation never ends globally 
and leads to a stationary overall stochastic state of the universe in some 
models. Crucially, in models allowing eternal inflation, there will be an 
infinite number of handle-creation events, and correspondingly, the universe 
will disintegrate into infinitely many parts. Inflation continues forever, and 
the production of new universes never ceases. The combination of eternal 
inflation with the disintegration effect, then, has led to a picture of global 
structure in which the number of separate universes is unbounded. 

6 Conclusions 

de Sitter space proliferates by disintegrating into separate, large copies of 
itself. This occurs through a decay process involving the formation and 
evaporation of multiple black holes. The process consists of several steps: 

• The spontaneous creation of a handle, changing the spatial topology 
from S*'^ to x S"^. This process is suppressed by a factor of e~'^^^ and 
can be described semiclassically using gravitational instantons. 

• The breaking of the degeneracy of the handle geometry by random 

quantum fluctuations. In the saddlepoint solution, the radius of the 
two-spheres is independent of the coordinate. If the n-th Fourier 
mode perturbation dominates, n black hole interiors will form after the 
has expanded sufficiently. 

• The evaporation of the n black holes. By including one-loop quan- 
tum radiation in the s-wave and large approximation, one finds 
that black holes nucleated semi-classically in de Sitter space evapo- 
rate. Meanwhile, exponentially large de Sitter regions develop beyond 
the cosmological horizons. 

• The disconnection of the spacehke hypersurfaces. When the black holes 
finally disappear, the toroidal x topology is pinched at the evap- 
oration endpoint: The S"^ radius becomes zero there and the hyper- 
surface dissociates. After all the black holes evaporate, this leaves 
n exponentially expanding three-spheres, corresponding to n separate 
de Sitter universes. 
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The process repeats in the resulting fragments and continues indefinitely, 
producing infinitely many distinct universes. 

According to the infiationary paradigm, the most successful theory of pri- 
mordial cosmology, our universe went through a period of de Sitter-like ex- 
pansion before the onset of the radiation and matter dominated eras. There- 
fore the process described in this paper is relevant to the global structure of 
the universe: It means that we live in one of many universes that originated 
in the same primordial infiationary region. There is a large class of mod- 
els that lead to eternal infiation; in this case, we inhabit one of an infinite 
number of separate universes produced from a single region. 

The process I have described lends itself to various generalizations, fur- 
ther enriching our picture of the global structure of the universe. One could 



consider, for example, the creation of handles carrying magnetic fiux p,|22 
The resulting black holes could not evaporate completely, resulting in a net- 
work of large de Sitter bubbles connected through thin extremal black hole 
throats. 



Acknowledgments 

The notion of multiple black hole formation on a handle originated in a 
conversation with Stephen Hawking. I would like to thank him and Andrei 
Linde for many useful discussions. I am grateful to Andrew Chamblin, Andrei 
Linde, and Malcolm Perry for comments on a draft of this paper. This work 
was supported by NATO/DAAD. 



References 

[1] G. W. Gibbons and S. W. Hawking: Cosmological event horizons, ther- 
modynamics, and particle creation. Phys. Rev. D 15, 2738 (1977). 

[2] P. Ginsparg and M. J. Perry: Semiclassical perdurance of de Sitter space. 
Nucl. Phys. B222, 245 (1983). 

[3] R. Bousso and S. W. Hawking: Pair creation of black holes during in- 
flation. Phys. Rev. D 54, 6312 (1996), gr-qc/9606052. 

[4] R. Bousso and S. W. Hawking: (Anti-) evaporation of Schwarzschild- 
de Sitter black holes. Phys. Rev. D 57, 2436 (1998), hep-th/9709224. 



17 



G. W. Gibbons and S. W. Hawking (eds.): Euclidean Quantum Gravity. 
World Scientific, Singapore, Singapore (1993). 

S. Coleman: The fate of the false vacuum. 1. Semiclassical theory. Phys. 
Rev. D 15, 2929 (1977). 

R. Bousso and A. Chamblin: Patching up the no boundary proposal with 
virtual domain wall loops. Submitted to Phys. Rev. D; gr-qc/9803047. 

E. Elizalde, S. Naftulin and S. D. Odintsov: Covariant effective action 
and one loop renormalization of 2-D dilaton gravity with fermionic mat- 
ter. Phys. Rev. D 49, 2852 (1994), hep-th/9308020. 

V. Mukhanov, A. Wipf and A. Zelnikov: On 4-D Hawking radiation 
from effective action. Phys. Lett. B332, 283 (1994), hep-th/9403018. 

T. Chiba and M. Siino: Disappearance of black hole criticality in semi- 
classical general relativity. Mod. Phys. Lett. A12, 709 (1997). 

R. Bousso and S. W. Hawking: Trace anomaly of dilaton- coupled scalars 
in two dimensions. Phys. Rev. D 56, 7788 (1997), hep-th/9705236. 

S. Nojiri and S. D. Odintsov: Trace anomaly and nonlocal effective ac- 
tion for 2-d conformally invariant scalar interacting with dilaton. Mod. 
Phys. Lett. A12, 2083 (1997), hep-th/9706009. 

S. Ichinose: Weyl anomaly of 2-D dilaton-scalar gravity and hermiticity 
of system operator, hep-th/9707025. 

W. Kummer, H. Liebl and D. V. Vassilevich: Hawking radiation for 
nonminimally coupled matter from generalized 2-D black hole models. 
Mod. Phys. Lett. A12, 2683 (1997), hep-th/9707041. 

J. S. Dowker: Conformal anomaly in 2-d dilaton scalar theory, hep- 
th/9802029. 

S. Nojiri and S. D. Odintsov: Effective action for conformal scalars and 
anti- evaporation of black holes, hep-th/9802160. 

S. Nojiri and S. D. Odintsov: Quantum evolution of Schwarzschild-de 
Sitter (Nariai) black holes, hep-th/9804033. 



18 



[18] S. W. Hawking and N. Turok: Open inflation without false vacua, hep- 
th/9802030. 

[19] R. Bousso and S. W. Hawking: The probability for primordial black 
holes. Phys. Rev. D 52, 5659 (1995), gr-qc/9506047. 

[20] A. Linde: Eternally existing self reproducing chaotic inflationary uni- 
verse. Phys. Lett. B175, 395 (1986). 

[21] A. Linde, D. Linde and A. Mezhlumian: From the big bang theory to 
the theory of a stationary universe. Phys. Rev. D 49, 1783 (1994), gr- 
qc/9306035. 

[22] F. Mellor and I. Moss: Black holes and gravitational instantons. Class. 
Quant. Grav. 6, 1379 (1989). 



19 



